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Abstract 
The purpose of this thesis is to investigate the correlation between irradiance 
and power output for a system with a module level inverter and a string 
inverter, respectively. An empirical study has been conducted and inverters in 
photovoltaic systems will be discussed and divided into two types; module 
level and string inverters. Different sources of mismatch such as degradation, 
partial shading and manufacturing issues are also part of the study.   
 
The predicted mismatch for the string inverter system is 2,6 %, based on flash 
test data for fresh cells, although that value is likely to be underrated due to 
aging effects not accounted for in the model. 
 
The system equipped with module level inverters generated 6,1 % more 
energy during the measured period. Although the period of measuring is short 
and the number of systems compared is small, this study has identified 
multiple sources that explain why the string inverter system is inferior and is 
outperformed by the module level inverter system regarding power output.	  
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Sammanfattning 
Syftet med detta arbete är att utforska korrelationen mellan solinstrålning och 
producerad effekt för två olika system. Det ena systemet består av lokala 
växelriktare och det andra av en strängomriktare. En empirisk studie har 
utförts och i detta arbete diskuteras växelriktare i fotovoltaiska system. Olika 
orsaker till varför förlorad effekt uppstår mellan modulerna så som ålder, 
skuggning och tillverkningsfel omfattas även av detta arbete. 
 
Det förutspådda värdet på effektförluster mellan modulerna i 
strängomriktarsystemet uppgick till 2,6 %, vilket är baserat på flash tester för 
nya solceller. Detta värde är troligtvis underskattat med tanke på att de celler 
som använts är föråldrade och att effekten av detta inte är medtaget i 
beräkningarna. 
 
Systemet med lokala växelriktare genererade 6,1 % mer elektricitet under den 
uppmätta perioden. Fastän den uppmätta perioden var kort och antalet 
system som studerades var litet så kunde flera faktorer identifieras som 
förklarar varför strängomriktare är underlägsna lokala växelriktare sett till 
producerad effekt. 
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Nomenclature & Abbreviations 
 
Abbreviation	   Explanation	  
AC	   Alternate	  current	  
DC	   Direct	  current	  

I-‐V	  curve	  
Displays	  all	  possible	  combinations	  of	  voltage	  and	  
current	  

MAE	   Mean	  absolute	  error	  
MBE	   Mean	  bias	  error	  
MPP	   Maximum	  power	  point	  
MPPT	   Maximum	  power	  point	  tracker	  
P	  &	  O	   Perturb	  &	  observe	  
PV	   Photovoltaic	  
RMSE	   Root	  mean	  square	  

 
Notation	   Unit	   Explanation	  

FF	   %	   Fill	  factor	  
Imp	   A	   Maximum	  power	  current	  
Isc	   A	   Short	  circuit	  current	  
Vmp	   V	   Maximum	  power	  voltage	  
Voc	   V	   Open	  curcuit	  voltage	  
C	   -‐	   Cell	  characteristic	  factor	  
L	   -‐	   Number	  of	  modules	  in	  a	  string	  
M	   -‐	   Number	  of	  parallel	  strings	  in	  the	  system	  
N	   -‐	   Number	  of	  modules	  in	  the	  population	  
𝝈𝑰𝒎𝒑	   %	   Standard	  deviation	  of	  maximum	  power	  current	  
𝝈𝑽𝒎𝒑	   %	   Standard	  deviation	  of	  maximum	  power	  voltage	  
𝝈𝑰𝒎𝒑𝟐	   %	   Variance	  in	  maximum	  power	  current	  
𝝈𝑽𝒎𝒑𝟐	   %	   Variance	  in	  maximum	  power	  voltage	  
𝚫𝑷	   %	   Fractional	  power	  loss	  due	  to	  mismatch	  
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1. Introduction 
Over the last few decades the need for sustainable energy sources has 
increased rapidly. In order to reduce the ecological footprint, so that the future 
of generations to come is not jeopardized, mankind is forced to diminish the 
use of fossil fuels. If mankind is to succeed, it will need alternative fuel 
sources and the usage of solar photovoltaic systems may be a part of that 
solution. 
 
Photovoltaic (PV) systems are able to convert solar radiation into electricity by 
using cells that consist of one or two layers of semi-conducting materials. 
Cells are wired in series, encased in glass and mounted to a frame to make a 
module. A solar PV system consists of one or more arrays with multiple 
modules, which convert solar radiation to direct current. In order to connect 
the PV system to the grid, the direct current (DC) has to be converted into 
alternating current (AC), which is done by the use of an inverter. There are 
three different kinds of inverters; central inverters, string inverters which are 
connected to multiple modules and module level inverters which are 
connected to individual modules (Energymatters, 2014).  
 
Module level inverters have several advantages to string inverters. One of 
these, mismatch losses, occurs when a PV systems available maximum 
power output is lower than the sum of each modules theoretical maximum 
power output. Mismatch can be attributed to various causes; inconsistency in 
production, partial shading, thermal differences between modules, 
degradation and soiling. These reasons causes the current or the voltage, 
depending on circuit design, to be lower than desired since the module sets 
the current or voltage for the entire string (al C. e., 1995). 
 
It is widely known that module level inverters reduce the mismatch losses but 
it is important to be able to quantify the increased performance in order to 
economically be able to justify the investment (Koirala, 2009). This study will 
compare measured power generation data from module level inverters and 
string inverters in order to quantify the increased performance of module level 
inverters. 
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2. Technology and literature review 
This literature review covers inverter technology and which methods that are 
used to reach maximum power output from the solar panels. Subsequently, 
the factors that cause power losses are reviewed in more detail, with a focus 
on mismatch losses.  

2.1. Inverters 
There are three kinds of inverters that are most frequently used on today’s 
market for solar panels; central inverters, string inverters and module level 
inverters. Since only the string inverter and the module level inverter is 
considered in this thesis, those two types of inverters are presented below 
(Energymatters, 2014). 

2.1.1. String inverter 
A string inverter converts direct current to alternating current, from several 
panels that are connected in series. The term “string” refers to modules being 
wired, or strung, together in series as seen in figure 1. String inverters contain 
only one inverter per string that converts the current from DC to AC. The 
inverter transforms the direct current into an alternating current, from a 
nominal rating of 300 to 600 VDC, to regular AC voltage, which in the North 
American market is 110 VAC/60 Hz and 230 VAC/50 Hz in Europe. 	  

	  
Figure 1: PV system with string inverter, (Solarns, 2012) 

	  
One of the main issues with string inverters is the shading. Since there is only 
one inverter, the shading is a problem because the modules will function as 
an isolator and cut off the current, which in turn will lead to reduced power 
output of the entire array.    

2.1.2. Micro inverter 
The micro inverter converts direct current to alternating current from a solar 
panel. Each panel in a micro inverter system is connected in parallel. Instead 
of having only one inverter in the whole array, micro inverters have an inverter 
on each module which figure 2 shows.  
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Figure 2: PV system with micro inverters, (Solarns, 2012) 

This is an advantage compared to string inverters with respect to the shading 
of the panels. If a panel using a micro inverter is shaded, only that particular 
panel will be affected and lose power output. Micro inverters also enable the 
owner to keep track of the power output from each panel and therefore make 
it possible to analyze and discover any underperforming panels. (Sher & 
Addoweesh, 2012) 
 
A micro inverter is usually comprised of the following components, also 
represented in a diagram in figure 3 (Sher & Addoweesh, 2012):  
 

• DC-DC converter 
• Inverter 
• Control circuitry 
• Protection scheme 
• Utility interfacing transformer 

 
 
 

	  
Figure 3: Schematics of a micro inverter, (Sher & Addoweesh, 2012) 

 

2.2. Maximum Power Point Tracker 
Maximum power point tracking (MPPT) is a method that solar panels and 
similar devices use to reach maximum power output. The objective of the 
MPPT is to apply an appropriate resistance in order to be able to acquire 
maximum power during any set of varying environmental conditions (Lin et al, 
2010).  
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Typically, solar cells have a complicated correlation between solar irradiation, 
temperature and resistance, which when studying the I-V curve can be 
analyzed.  

There are different algorithms to achieve this and some of the most commonly 
used are (Freeman, 2010):  

• The P & O algorithm  
• Incremental conductance method 
• Constant voltage method 

The two most frequently used methods are the P & O algorithm and the 
Incremental conductance method. The P & O stands for Perturb & Observe. 
The controller adjusts the voltage from the array and measures power. If the 
power is increased, further adjustments in that direction are needed. This 
might take several iterations before the appropriate level is reached and the 
power does not increase further. If the changes in power are negative, the 
direction of perturbation must be reversed in order to reach the maximum 
power point (MPP). Basically, if the increase in voltage results in an increase 
in power the operating point resides on the left of the maximum power point 
and if the increase in voltage results in a decrease in power the operating 
point is on the right side of the maximum power point. With the help of the 
algorithm, which can be seen in Figure 4, this procedure continues until the 
MPP is reached. (Ghassami et al, 2012) 

	  
Figure 4: P&O algorithm, (Ghassami et al., 2012) 

When using this method the system tends to oscillate around the MPP, which 
results in power loss. By decreasing the perturbation, the oscillation can be 
minimized. Although, this results in a compromise between speed and 
accuracy since a too small perturbation leads to slower tracking of the MPP. 
There are however some downsides to using this algorithm. When the solar 
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panel is exposed to solar irradiance during fast changing atmospheric 
conditions, the power curve will change from 𝑃!  to  𝑃! and as a result, point A 
will move toward point C instead of point B, which means an increase in 
power. This is displayed in figure 5. The P & O algorithm assumes that it is 
caused by itself, therefore the direction of the perturbation remains constant 
when it is in fact caused by the irradiance. This phenomenon continues until 
the solar radiation returns to normal and occurs mostly during partly cloudy 
days, when the irradiance is volatile (Chermitti et al, 2012).  

	  

Figure 5: Divergence of a P&O form MPP, Ghassami et al, 2012) 

The incremental conductance algorithm uses the derivative of the PV array 
power curve in order to be able to determine the location of the operating 
point with respect to MPP. It consists of differential equations that set the 
result of the equation, with regard to power and voltage, to zero. The 
methodology is similar to the P & O algorithm but has somewhat solved the 
issue with finding the MPP during fast changing atmospheric conditions. It can 
track the MPP with higher accuracy whilst also gaining reduced oscillation 
around the MPP. The efficiency of both P & O and the incremental 
conductance algorithms are largely the same. The incremental conductance 
algorithm needs more complex computations, in order to achieve the objective 
of founding the MPP, which results in more time consuming computations 
(Salas et al, 2005). 

2.3. I-V curves 
An I-V curve essentially consists of all available possible combinations of 
current and voltage that can be operated under constant conditions. I-V curve 
has a typical appearance and the maximum power point can be found at the 
so-called “knee” of the curve. One of the functions of an inverter is to alter the 
load in order to find the particular point on the I-V curve at which the array 
yields the maximum power output. The appearance of the “knee” is a result of 
a drop in current and power, which can be associated with a behavioral 
change of the Isc. When the operating point is to the left of the MPP, the 
behavior is similar but when the operating point is beyond the MPP, on the 
right side, the decline in power output is immediate due to charges that are 
sealed within the solar cell rather than flowing out. The appearance of the 
“knee” is displayed in Figure 6. These charges are a result of increased 
voltage output (Moyer, 2011).  
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Figure 6: I-V and P-V curves, (Solmetric, 2011) 

Table 1: Abbreviations used in text regarding I-V curves, (Solmetric, 2011) 

The fill factor is an important key performance indicator that indicates the ratio 
of the two areas that are illustrated by the I-V curve.  If assuming that a 
perfect PV module was possible to construct, the fill factor (FF) would be 
assigned the value of 1. When comparing different PV modules with the same 
Isc and Voc, the highest fill factor will thus yield more power.  

The I-V curve for an entire PV array is just a scaled-up version of a single cell. 
This means that the Isc and the Voc together constitutes different “building 
blocks” based on the number of connected cells and modules in the array. 
The MPP scales up as the product of the number of cells in series, with the 
strings in parallel. Theoretically the upper right corner of each building block 
represents the maximum power point. Hence, the maximum power point of 
the entire array is the sum of all the building blocks, as illustrated in figure 7 
(Solmetric, 2011).  

	  

Figure 7: Scaling of the I-V curve, (Solmetric, 2011) 

Abbreviation	   Definition	  
Isc	   Short circuit current 
Imp	   Max power current 
Voc	   Open circuit voltage 
Vmp	   Max power voltage 
FF	   Fill factor 
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2.4. Derate factors 
Derating refers to a situation where the power output of the system is less 
than its predicted value due to various factors. Soiling, wiring and mismatch 
losses are a few examples of factors that affect power output. 

2.4.1. Mismatch effects  
Every PV-module differs from another. It is not possible for the manufacturers 
to produce identical modules because all cells will have slightly different 
electrical characteristics. This is called manufacturing mismatch and will be 
covered later in this paper. A module usually consists of cells connected in 
series, which means that the same current has to flow through each of the 
cells as can be seen in Figure 8. As a result of that, the current of all cells 
depends on the one cell with the lowest current. The module power output is 
the sum of all cell output. Since most cells operate below their maximum 
power current, the module produces less power than the theoretical maximum 
which would be the sum of each cells individual maximum power output. The 
loss that occurs is referred to as mismatch losses.   

	  
Figure 8: Cells connected in series. (Pveducation.org, 2014) 

The above reasoning applies the same way to entire arrays consisting of 
multiple modules. The performance of the array depends on the variability 
between the modules connected, where larger variations will result in greater 
mismatch. Modules can be connected in series, in parallel or a combination of 
both. The circuit design defines whether it is the current or voltage that causes 
the mismatch effects. 
 

2.4.2. Sources of mismatch 
There are several causes for mismatch losses and the most frequently 
occurring reasons will be discussed in this part.  
 

2.4.2.1. Manufacturing mismatch 
PV module manufacturers cannot produce modules with identical electrical 
characteristics, which results in a voltage difference when the modules are 
connected in series and a current difference when the modules are connected 
in parallel. The variation can be attributed to inconsistency in the semi-
conducting material itself or to lack of precision in production processes. 
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Regardless of the reason it should be known that every module is unique 
(Filippo Spertino, 2011). 
 
Manufacturers strive to minimize the variations between modules in order to 
reduce mismatch losses. Every module is tested in STC (Standard Test 
Conditions) and binned according to its maximum power current or power 
rating. A typical binning power tolerance varies from 2% to 10% depending on 
the manufacturer. There have been studies on the effect of the binning 
tolerance and one shows that a re-binning of current tolerance from 5% to 1% 
yields only 0,09%-0,19% increase in energy production. The study shows that 
a tighter binning tolerance don’t have a large impact on the reduction of 
mismatch effects, though not taking degradation of modules into consideration 
(Grana, 2014). 
 

2.4.2.2. Partial shading 
The same amount of current must flow through cells connected in series, 
which is a problem if only a fraction cells are shaded since that reduces the 
current of the non-shaded cells. This could potentially lead to bigger problems 
than mismatch as the extra current produced by the non-shaded cells forward 
biases them when the current approaches the short circuit-current of the 
shaded cell. Reverse bias in the shaded cell is caused if the series strings are 
short-circuited which could potentially lead to hot spots damaging the cells. 
Hot spots occur when a large number of series connected cells are dissipating 
power in the shaded cell (Bowden and Hornsberg, 2014).  
 
Partial shading can be a driving factor for mismatch losses. It has been shown 
that shading of only one cell in a module could reduce the power output of the 
module by 86% although the loss of irradiance is only 3%. With modules 
connected in series this reduces the power output of all modules, which 
makes partial shading a substantial problem (Koirala, 2009). 
 
Mismatch losses could potentially be a result of the PV system operating on 
its own maximum power point. This results in the individual PV modules being 
forced to operate on a maximum power point other than their own, which 
leads to losses in power output. The relative mismatch losses are increased 
as a result of system shading and shading strength. Partial shading can lead 
to multiple MPPs for the entire PV system. With multiple MPPs, it is possible 
for the algorithm to track the wrong maximum power point which can lead to 
additional power losses (Mäki, 2011). 
 

2.4.2.3. Degradation of modules 
The aging of solar cells has proven to substantially reduce power output as a 
contributor to mismatch losses. This is a result of uneven degradation of 
silicon solar cells, which causes the modules electrical characteristic to 
diverge over time, causing greater mismatch. A study from Kaushika and Ray 
(2005), comparing fractional power loss between fresh and aged solar cells, 
showed fractional power loss of up to 12% as a result of aging.  
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In a 2012 study from NREL investigating the annualdegradation rate of 
various module technologies showed a median and mean degradation rate for 
thin-film technologies of 0.5% and 0.7% per year, respectively. Crystalline 
silicon modules indicated an equal median degradation rate except a slightly 
higher mean rate at 0.8% per year. In a case study by Quintana et. al. (2000), 
the module degradation rate for a crystalline silicon PV system in Natural 
Bridges National Park in Utah, USA, has been 0.5% per year, while the 
degradation rate for the system was between 2% to 5% per year. This 
displays the mismatch effects that occur and shows that mismatch can 
increase over time due to uneven degradation of modules in a PV system 
(Kurtz, 2012).  
	  

2.4.2.4. Degradation of inverters 
Solar panels might be exposed to extreme environmental conditions 
such as high temperatures, humidity and lightning, which causes high 
thermo mechanical stress and therefore determines the longevity of the 
module-level inverter. Even though degradation of the inverter does not 
cause module mismatch, it can be a factor in reducing power output of 
the system (al M. M., 1999).  

A module-level inverter must be able to withstand a temperature of 80 °C and 
the Arrhenius equation is used for thermal modeling as a part of the design in 
order to increase the life expectancy. Table 2 displays in which components 
failure most frequently occurs (Sher & Addoweesh, 2012). 

Components	  
	  Temperature	  

[°𝑪]	   Failure	  rate	  [%]	  
DC	  capacitor	   77,0	   60	  %	  4	  electrolyte	  capacitors	  
Control	   83,5	   14	  %	  including	  rest	  of	  components	  
Rectifier	   85,8	   8	  %	  diodes	  
Converter	  MOSFET	   83,9	   10	  %	  including	  transformer	  
AC	  filter	   86,2	   8	  %	  including	  filter	  capacitor	  
Sum	  

	  
100	  %	  (≈	  37.5	  %	  failures/106	  h)	  

Table 2: Average life of micro inverter components, (Sher & Addoweesh, 2012) 

2.4.2.5. Thermal variations  
There can be large variations in temperature between modules depending on 
the differences in airflow that the modules are exposed to. Modules centered 
in the array are generally not as affected by airflow as modules at the edge, 
which causes the centered modules to be hotter. The Voc of Crystalline silicon 
modules is generally reduced by up to 0.45%/K and the short circuit current 
increases between 0.04%/K to 0.09%/K, which on a sunny summer day can 
substantially reduce the power output of the modules (al. S. e., 2013). The 
reduction of power output per se is not to be considered as mismatch, the 
mismatch effects occurs when the modules are experiencing differences in 
temperature. Large installations with many modules connected to the same 
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inverter are more likely to experience large differences in temperature, leading 
to mismatch effects. 
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3. Methodology 
This thesis seeks to investigate the correlation between irradiance and power 
output for a system with a module level inverter and a string inverter 
respectively. 
 
Historical data of power output from two different photovoltaic systems have 
been collected from two systems placed on a rooftop at The Royal Institute of 
Technology in Stockholm, Sweden. Specifications of the system are 
presented in table 3. Hourly resolution data of irradiance is collected from the 
STRÅNG model system, provided by SMHI (SMHI, 2014). By performing a 
linear regression analysis of the two systems in question it will be possible to 
identify a correlation between irradiance and power output in order to quantify 
the increased performance. 
 
To better understand the increase in PV system power output from a module 
level inverter, a model for predicting mismatch losses in a series connected 
string inverter PV system is used. The model was originally developed by 
Buciarelli (1979) and has been evaluated in several later studies (Kaushika, 
2007) (Riley, 2013). This paper will be based on the model presented in the 
work by Kaushika (2007). A theoretical prediction of the mismatch losses of 
the string inverter system will be compared to the difference in measured 
power output of the systems. The prediction is performed using the flash test 
data that is shipped along every module, the data reveals variations in 
electrical characteristics between the modules.  
 
A more detailed description on the methodology of the regression analysis 
and the prediction of mismatch losses follows later on in parts 3.2 and 3.3 
respectively.   

3.1. Specifications of observed photovoltaic systems 
Each system consists of 16 multi-crystalline silicon modules with a rated 
maximum power of 210W per module. System A has 16 modules connected 
in series to a string inverter while system B is equipped with module level 
inverters. Mounting conditions are similar for both systems, with a tilt angle of 
30° and an azimuth angle of 10°. There is no significant difference in local 
shading of the systems as surrounding trees, buildings and other objects don’t 
reach high enough to cast uneven shading on the systems. 
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Characteristics	   STP210-‐18/Ud	  
Cell	  technology	   multi-‐Si	  
Maximum	  power	  current	   7,95	  A	  
Maximum	  power	  voltage	   26,4	  V	  
Rated	  maximum	  power	   210	  W	  
Short	  circuit	  current	   8,33	  A	  
Short	  circuit	  voltage	   33,6	  V	  
Dimensions	   1482*992*35	  mm	  

Table 3: Module characteristics 

3.2. Bivariate regression analysis 
Power output data has been collected from the two systems over seven days, 
from 2014-04-03 to 2014-04-09, with instantaneous power output 
measurements made every 15 minutes. Hourly instantaneous irradiation 
values from the STRÅNG model (SMHI, 2014) have been collected to 
establish a relation between irradiance and power output. Every full hour 
measurement of power output has been averaged out to match the time of the 
irradiation values. 
 
A bivariate regression analysis is a way of presenting the relationship 
between two variables, a dependent variable and an independent variable. In 
this case, the power output is the dependent variable determined by the 
irradiation. A linear regression model will be performed using Matlab’s built in 
model, LinearModel.fit. The regression model will result in a straight line that 
is best fitted to explain the relation between irradiance and power output. As 
this will be done for both systems, it enables a comparison between the 
characteristics of the linear function.  
 
The slope of the lines indicates the efficiency for each system; a steep slope 
implies a high efficiency, as the system needs less increase in irradiation to 
generate an extra unit of power output. The intercept of the x-axis is also of 
interest, as that will give an indication of the capability of producing power 
under conditions with low irradiation. 

3.3. Method for estimating mismatch for a system with series 
connected modules 
The model used to calculate the mismatch losses in the PV-system uses the 
variation in electrical characteristics between modules. The coefficient of 
variation in maximum operating current and voltage is the most important 
input values altough the variation in voltage is only in effect if system has 
multiple strings connected in parallel. The model was derived by Kaushika 
(2007) 
 
	  

Δ𝑃 =
𝐶 + 2
2 𝜎!"#! 1−

1
𝐿 +

𝜎!"#!

𝐿 1−
1
𝑀 	  

	  

(1)	  

With M being one, as the system in question has only one string, the relation 
simplifies to; 
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Δ𝑃 =

𝐶 + 2
2 𝜎!"#! 1−

1
𝐿  

	  
(2)	  

C is the cell characteristic factor, which can be expressed in terms of the fill 
factor that is usually defined as; 
	   𝐹𝐹 =

𝐼!" ∙ 𝑉!"
𝐼!" ∙ 𝑉!"

 

	  
(3)	  

Once the fill factor is known, the following equation for C can be solved using 
a numerical solver function. 
	  

𝐹𝐹 =
𝐶!

(1+ 𝐶)(𝐶 + ln 1+ 𝐶 ) 

	  

(4)	  

In addition to C, it is also necessary to know the variance in maximum power 
current and maximum power voltage respectively; 
	  

𝜎!"#! =
𝜎!"#
𝐼!"

!

 

	  

(5)	  

	  
𝜎!"#! =

𝜎!"#
𝑉!"

!

 

	  

(6)	  

The variance can be computed from knowing the standard deviation; 
	  

𝜎!"# =
(𝐼!"# − 𝐼!")!

𝑁 − 1  

	  

(7)	  

	  
𝜎!"# =

(𝑉!"# − 𝑉!")!

𝑁 − 1  

	  

(8)	  

The calculation of Δ𝑃  for a series connected string of modules is the 
percentage of fractional power loss that can be expected due to variations 
between the modules comprising the string. This prediction of fractional power 
loss can then be used to help to explain the increase in performance of the 
system equipped with module level inverters. 
 

3.4. Description of sensitivity analysis 
A sensitivity analysis of the model used for estimation of mismatch losses will 
follow after the result. It will focus on how varying the coefficient of variation, 
the number of parallel strings and a reduction of the fill factor affects the 
estimation of fractional power loss in a system. A range of each of the above 
will be tested to investigate how the estimation varies. Reasonable ranges are 
derived from studies investigating how these factors change over time. 
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4. Results & Discussion 
The results and the sensitivity analysis will be presented in this part of the 
thesis. The discussion surrounding the results is also a part of this section and 
will be presented below as well.  

4.1. Power output 
The data used in this part has been extracted from the two systems that are 
placed upon a roof at The Royal Institute of Technology. System A consists of 
string inverters and system B of module-level inverters.  The curves in figure 9 
display the power output for every 15 minutes between 06.00 – 18.00, 2014-
04-03 – 2014-04-09. 
 

	  
Figure 9: Measured power output 

After having performed a comparison of the two systems, A and B, it can be 
concluded that system B is outperforming system A. The curves of the two 
systems are very similar. However, system B has higher power output in 
almost every peak of the curve. In table 4, the total energy output in the period 
stated above is presented as well as the average power output for the same 
period. It shows a higher total power output for system B as well as higher 
average power output, which complies with what could be expected as 
module level inverters should reduce mismatch losses. Figure 9 displays the 
power output during seven days and since this data is extracted during a 
period were there has been limited information on what the weather was like 
during that specific period, it is possible that the decrease in power output 
might be attributed to the weather. The weather has a large impact on the 
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power output and since the loss occurred for both systems, it is plausible that 
it was cloudier during the last couple of days.  
	  

System	   Total	  Energy	  Output	  
[kWh]	  

Average	  Energy	  Output	  
[kWh]	  	  

A	   71,3	   0,81	  
	  

B	   75,7	   0,86	  
	  

Table 4: Measured power output 

4.2. Theoretical fractional power loss 
The theoretical value of the fractional power loss for both systems is listed in 
table 5. 
	  

Parameters	   Results	  
FF	   0,75	  
C	   11,55	  
L	   16	  
M	   1	  
𝝈𝑰𝒎𝒑	   0,032	  
𝝈𝑰𝒎𝒑𝟐	   0,0041	  
𝚫𝑷	   0,026	  

Table 5: Result from estimation of mismatch losses 

The fractional power loss of the 16 modules connected in series is estimated 
to be 2,6% based on the flash test data provided. The flash test is performed 
after production which means that the estimate is a best case scenario as 
aging cells have proven to have a large effect on mismatch (Kaushika, 2007). 
The modules in the observed system are just over four years old, which 
means that aging of cells may be affecting the systems mismatch losses.  
 
The estimation of mismatch was not performed on the array with module level 
inverters. The method for estimation is based upon variations in electrical 
characteristics between modules, which doesn’t affect the module level 
inverter system since every module is working independently. Therefore, it is 
interesting to compare the measured difference in power output of the 
systems with the estimated mismatch of system A. Seven days of measuring 
energy output resulted in 6,1% extra energy generated from system B. As 
previously discussed in chapter 2, the ambient conditions of the systems are 
very similar and it is plausible that the difference in power generation are 
related to greater mismatch losses in system A.  
 
It is not valid to assume that the mismatch losses of system B are negligible 
since mismatch involves more than variation in module characteristics. 
Sources of mismatch have been discussed earlier and possible sources in 
system B are soiling, degradation of cells and partial shading within a single 
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module, where losses occur due to variations between cells. It is possible that 
the causes stated above affected system B which indicates that the mismatch 
losses of system A could be higher than 6.1%, although it cannot be 
determined more precise within the scope of this study. 
	  

4.3. Regression analysis 
A linear regression analysis has been made in order to determine a 
relationship between solar irradiance and power output for the two systems. 
To be able to determine the correlation, Matlab has been used. More 
specifically, the function LinearModel.fit which performs a linear regression 
analysis. The regression analysis made in Matlab results in parameters, which 
can be used to describe the correlation. Solar irradiance is the independent 
variable and the power output is the dependent variable.  
Table 6 and figure 10 presents the results from the regression analysis and 
system B is performing better with regard to power output than system A. 
System A is displayed as the red line and system B as the blue line in figure 
11. The intercept of the x-axis is of interest, as it will provide an indication of 
the capability of producing power under low irradiation conditions. The 
predicted values for each system show that system A has a higher intercept 
value and a lesser standard error of estimate. However, this means that 
system A needs more solar irradiance in order to produce the same power as 
system B. The slope of the line displays this relationship and in the slope for 
system B is steeper than of system A. Therefore, the efficiency of system B is 
higher.  
 
The coefficient of determination, R-squared, indicates how well the amount of 
disparity in the response variable power output is explained by the 
independent variable solar irradiance in the linear regression model. The 
larger the R-squared is, the more disparity is explained by the linear 
regression model (Mathworks, 2014). The model used adequately explains 
both systems and it shows that system B outperforms system A. 
 

System	   Intercept	  of	  
x-‐axis	  [W]	  

Coefficient	  of	  
the	  slope	  

Standard	  
error	  of	  

estimate	  [W]	  
R-‐squared	  

A	   885	   0,305	   71	   0,809	  
B	   808	   0,308	   73	   0,804	  

Table 6: Parameters of the regression analysis 
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Figure 10: Relationship between solar irradiance and power output for system A and system B 

	  
Figure 11: System A(red), System B(blue)  
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4.3.1. Reliability of the STRÅNG model 
In the regression analysis, data from the STRÅNG model has been used. It 
produces instantaneous data of global irradiation at specific locations in 
Scandinavia. However, this data is extracted from one of the weather stations 
in Stockholm and that station is not located at the Royal Institute of 
Technology. Hence, that data could contain a margin of error when the 
addressed location is the Royal Institute of Technology. In order to receive 
more precise data, there should be an installation at the Royal Institute of 
Technology, which preferably would have the capabilities of measuring solar 
irradiation.  
 
The data that is being used in this thesis was extracted in the beginning of 
April 2014. The exact weather conditions during those particular days are hard 
to determine with respect to shading, which introduces a degree of uncertainty 
in the model. SMHI (2014) that provides STRÅNG has assembled statistics on 
the average error from the period 1999-2009, which are presented in table 7. 
 

	   Global	  radiation	   Direct	  normal	  
radiation	  

Sunshine	  
duration	  

Hourly	  MBA	   -‐0,2%	   0,4%	   1,3%	  
Hourly	  MAE	   2,1%	   3,5%	   2,7%	  
Hourly	  
RSME	  

30,0%	   57,0%	   59,0%	  

Table 7: Average statistics of error for STRÅNG 

This data from table 7 might give an indication on the errors of the data that 
was extracted from STRÅNG to be used in the model for the bivariate 
regression analysis.  
 
Mean Bias Error (MBE) is frequently used to indicate average over – or under 
predictions. This metric however should be used cautiously due to the fact 
that it often tends to underestimate the true value (Matsuura, 2005). The error 
of -0,2 % most likely has limited impact on the result and is therefore not the 
most vital metric in the hourly average error statistics. MAE is short for Mean 
Absolute Error and is used to measure how accurate forecasts are compared 
to the actual outcome (Wun, 1991). The hourly MAE have an average error of 
2,1 %, which could potentially alter the results. RMSE stands for Root Mean 
Square Error and indicates the level of accuracy for a particular variable, in 
this case solar irradiation, and measures the difference between the predicted 
values and the observed values. These differences are called residuals, which 
are minimized and used in a least-squares fit SMHI (2014). The global 
radiation has an hourly average error of 30 %, which suggests that the hourly 
data from that period contains an error that potentially could have impact on 
the outcome of the results. Due to the errors that the STRÅNG model 
contains, it could affect the results from the bivariate regression analysis as 
the solar irradiance was used as input in the model. This would of course 
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affect both systems. However, it could result in values that contain an error, 
which renders the analysis less accurate. The statistics from Table 7	  are 
however outdated, but it was assembled during a period of ten years and 
might give an indication on the errors that are present in the STRÅNG model 
today. 

4.4. Sustainability 
In order to reduce the ecological footprint, the need for renewable energy 
sources is great and photovoltaic systems could be used as a part of that 
agenda. Due to global warming, the weather conditions will most likely 
become altered and result in a climate of more extreme nature. Since the 
world is looking towards more sustainable energy sources, these sources 
must be able to manage the more extreme weather conditions. The weather is 
of great significance for the longevity of the solar panels; therefore it is of 
importance that the components in the panels themselves and the inverters 
are able to withstand these extreme conditions. 	  
	  
The demand for renewable energy from the society is becoming increasingly 
large and will most likely keep on increasing in the future. It is possible that 
the demand for photovoltaic systems will increase as well and possibly the 
expectations on quality as today’s systems still are costly even though the 
prices have fallen in recent years (Greentechmedia, 2013). The PV systems 
need to be usable for many years in order to justify the investment costs. The 
economical part of the photovoltaic systems is outside the scope of this 
thesis. Nevertheless, it is of importance and could potentially serve as a future 
study. Since there has been a comparison of the power output of module level 
inverters and string inverters, it would be valuable to know which one of the 
inverters that are the most financially justified investment. 	  
	  
The ability to provide electricity to off-grid civilizations and rural villages is of 
great value since it could help build hospitals, produce clean water and heat 
up buildings. Many third world countries have unstable energy systems and 
the most important part of infrastructure could be sustained with electricity due 
to photovoltaic systems. With the help of solar panels many lives could be 
saved and many more could have a chance of a better life. This PV industry is 
also expected to supply more than 10 million jobs by then end of 2030 (EPIA, 
2008). Figure 12 contains the three pillars of sustainability, which needs to be 
satisfied in order to achieve sustainable development (Dahlin, 2013).	  
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Figure 12: The three pillars of sustainability 

	  
	  

4.5. Sensitivity analysis 
This section will discuss the precision in the result, focusing on the prediction 
of mismatch in system A and the measurements of both systems.	  
	  

4.5.1. Estimation of mismatch 
The uneven degradation of modules has proven to increase mismatch in a PV 
system. The estimation of mismatch in system A are based on flash tests 
performed in 2010, when the cells comprising the modules were fresh. As 
time passes, uneven degradation becomes a factor that increases mismatch 
in the system. The increase in mismatch is caused by a greater variation 
between the modules in the array and it is therefore of interest to know how 
the coefficient of variation is affecting the prediction of mismatch. Table 8 
shows fractional power loss at different values for the coefficient of variation of 
maximum power current.  

	  
𝜎!"#!	   Δ𝑃	  

0,000027	   0,02%	  
0,0036	   2,29%	  
0,0072	   4,57%	  
0,0108	   6,86%	  
0,0144	   9,14%	  
0,018	   11,43%	  
0,022	   13,97%	  

Table 8: Fractional power loss 

Mismatch losses due to aging have been investigated by Kaushika (2007) and 
could potentially rise up to 12% for series connected modules, which implies a 
coefficient of variation in maximum operating current of 2%. The solar cells 
used for the study of mismatch effects due to aging solar cells were only two 

Ecological	  

Economical	  Sociological	  
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years old, already showing a coefficient of variation in maximum operating 
current of nearly 2%. As the systems observed in this paper are four years 
old, it is reasonable to assume that the actual mismatch in system A is 
substantially higher than the 2,6% estimated by the model. Furthermore, the 
model fails to take all sources of mismatch into consideration, being incapable 
of incorporating partial shading, uneven soiling or thermal variations. These 
reasons are probable causes explaining the 6,1% difference in power output 
of the systems.	  
	  
System A is connected in series, consequently the estimation of fractional 
power loss depends on the coefficient of variation in maximum power current. 
Despite this fact, it is not uncommon to have a combination of series and 
parallel arrangements. Table 10, table 11 and table 12 in the appendix shows 
how the fractional power loss for different coefficient of variations is affected 
by an increasing number of parallel strings. It is clear that a paralleling 
arrangement have a very little effect on the predicted mismatch and that 
mismatch is mainly depending on the coefficient of variation of maximum 
power current.	  
	  
The cell characteristic factor is derived from its relation to the fill factor, 
displayed in equation (4). Table 9 shows how C varies with the fill factor, 
which can decrease by up to 38% operating under field conditions (Kaplani, 
2012). As the fill factor decreases over time, due to lower 𝐼!" and 𝑉!", it only 
marginally affects the mismatch although power output is reduced 
substantially. That is because the cell characteristic factor is assumed to be 
the same for every module, not causing mismatch per se. In reality, 
degradation of modules is uneven causing a change in the coefficient of 
variation, which has shown to have an impact on mismatch losses. The 
method used in this study does not take that into consideration though, 
resulting in a conclusion that the cell characteristic factor has a small impact 
on fractional power loss.	  

FF	   C	  
0,75	   11,17	  
0,7	   8,13	  
0,65	   6,09	  
0,6	   4,66	  
0,55	   3,61	  
0,5	   2,81	  
0,45	   2,2	  

Table 9: Cell characteristic factor vs. Fill factor 
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5. Conclusions and future studies 
A module level inverter equipped system has shown to generate 6,1 % more 
energy during a one week measurement period in April 2014. Although the 
measurement period is short and the number of systems compared is small, 
the model has shown that the module level inverter is superior to the string 
inverter in regard of producing power. This is consistent with the theory 
presented in the technology review although the model fails to take several 
sources of mismatch in account. The predicted mismatch for the string 
inverter system was 2,6 %, based on flash test data for fresh cells, although 
that value is likely to be underrated due to aging effects not accounted for in 
the model.	  
	  
During the literature review, it became clear that most PV simulation programs 
are incapable of simulating module level inverters in a sufficient way. As 
module level inverters are a fast growing segment within the PV industry, the 
need for a reliable way of predicting power output will increase. Developing a 
methodology to perform good predictions of power output for module level 
inverters are still left for future researchers to accomplish. In order to validate 
the predictions, future studies on performance increase of module level 
inverters are needed and there is still work to be done on this matter. 	  
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7. Appendix 
7.1. Figures 

M	  =	  
1	  

Coefficient	  of	  variation	  
(current)	  

Coefficient	  of	  variation	  
(voltage)	  

Fractional	  power	  
loss	  

	  
0,000027	  

0,000006	  
0,00017	  

	   0,0036	  
0,0007	   0,023	  

	  
0,0072	   0,0014	   0,046	  

	  
0,011	   0,0021	   0,069	  

	  
0,014	   0,0027	   0,091	  

	  
0,018	   0,0034	   0,11	  

	  
0,022	   0,0048	  

0,14	  

Table 10: Fractional power loss for a string 

M	  =	  
5	  

Coefficient	  of	  variation	  
(current)	  

Coefficient	  of	  variation	  
(voltage)	  

Fractional	  power	  
loss	  

	  
0,000027	   0,000006	   0,00017	  

	   0,0036	  
0,0007	   0,023	  

	  
0,0072	   0,0014	   0,046	  

	  
0,0108	   0,0021	   0,069	  

	  
0,0144	   0,0027	   0,092	  

	  
0,018	   0,0034	   0,12	  

	  
0,022	   0,0048	  

0,14	  

Table 11: Fractional power loss for 5 parallel strings 

M	  =	  
20	  

Coefficient	  of	  variation	  
(current)	  

Coefficient	  of	  variation	  
(voltage)	  

Fractional	  
power	  loss	  

	   0,000027	   0,000006	   0,00017	  
	   0,0036	   0,0007	   0,023	  
	   0,0072	   0,0014	   0,046	  
	   0,0108	   0,0021	   0,069	  
	   0,0144	   0,0027	   0,093	  
	   0,018	   0,0034	   0,12	  
	   0,022	   0,0048	   0,14	  

Table 12: Fractional power loss for 20 parallel strings 
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7.2. Matlab 

7.2.1. System A 
clc 
clear all 
close all 
format long 
SMA=xlsread('smaNY.xls'); 
Optistring=xlsread('optistring.xls'); 
Sun=xlsread('irradiance.xls'); 
  
string=SMA; 
opti=Optistring; 
irradiance=Sun; 
  
x = [irradiance];  
y = [opti]; 
z = [string]; 
  
LM = LinearModel.fit(z, x) 
plot(LM) 
xlabel('Power output'); 
ylabel('Solar irradiance'); 
title('System A') 
 

7.2.2. System B 
clc 
clear all 
close all 
format long 
SMA=xlsread('smaNY.xls'); 
Optistring=xlsread('optistring.xls'); 
Sun=xlsread('irradiance.xls'); 
  
string=SMA; 
opti=Optistring; 
irradiance=Sun; 
  
x = [irradiance];  
y = [opti]; 
z = [string]; 
  
LM = LinearModel.fit(z, x) 
plot(LM) 
xlabel('Power output'); 
ylabel('Solar irradiance'); 
title('System B') 
 
 
 
	  


